INTRODUCTION
Myotonic dystrophy protein kinase (DMPK), first cloned and identified as a protein kinase more than a decade ago, is a member of the AGC family of serine -threonine kinases (1, 2) . While significant progress has been made in deciphering the role of homologous kinases like myotonic dystrophy kinase-related Cdc42-binding kinase, Rho kinases ROCK-I/II Human Molecular Genetics, Vol. 13 and citron kinase, which modulate the actin cytoskeleton and are implicated in stress fiber formation, cell motility and cytokinesis (3), the physiological contribution of DMPK has remained rather elusive.
Molecular assays have recently revealed that DMPK may interact with a variety of cellular substrates, including phospholemman, the dihydropyridine receptor, the CUG binding protein CUGBP/hNab50 and the myosin phosphatase targeting subunit 1 (4, 5) . Yet, the relevance of these in vitro findings for the in vivo specificity of DMPK is still uncertain (6) . Moreover, DMPK transcripts undergo alternative splicing, which is regulated in a cell-type dependent manner and leads to the production of distinct protein isoforms partitioned between the cytosol, mitochondria and endoplasmic reticulum (5 -8) . In this way, DMPK has been implicated in diverse cellular functions, ranging from modulation of the contraction -relaxation cycle and ion handling to cytoskeletal movement and organelle localization in various muscle tissue types, where DMPK is primarily expressed (9 -20) .
Expansion of the unstable (CTG) n repeat within the 3 0 -untranslated region (3 0 -UTR) of the human DMPK (hDMPK ), encoded at chromosome region 19q13.3, causes myotonic dystrophy type 1 (DM1), an autosomal dominant disease with multisystemic phenotype (21 -24) . Although DM1 is pleiotropic with a range of systemic abnormalities, the predilection of hDMPK expression for muscle tissues is reflected in typical features of myotonic dystrophy that include muscle weakness and myotonic skeletal myopathy, cardiomyopathy with cardiac conduction disturbances and smooth muscle manifestations (2) . The pathobiological significance and fate of the primary product of hDMPK, i.e. DMPK (pre)mRNA with long expanded (CUG) n repeats from the mutant DMPK allele, have been associated with inhibition of myogenesis (25 -28) . A toxic RNAgain-of-function is proposed to form ribonuclear inclusions by sequestering essential RNA splicing and transcription factors bound to the expanded (CUG) n repeat in the DMPK-(pre)mRNA 3 0 -UTR, thereby interfering with cell development or viability control (29 -31) . Importantly, the severity of the disease correlates with the size of repeat expansion, and symptoms worsen with age (2) . Although abnormal expression of hDMPK products is implicated in DM1, the impact of distress accumulation produced by persistent overexpression of this serine -threonine protein kinase genefamily member remains unknown.
Therefore, a transgenic murine line, named Tg26-hDMPK, carrying approximately 25 extra copies of the fully intact hDMPK bearing a (CTG) 11 repeat tract with normal tissue distribution was maintained over multiple generations. Whereas the young Tg26-hDMPK displayed mild myopathic symptoms (9) , the present characterization of the older (11 -15 months) phenotype revealed that age-associated stress accumulation triggers multisystemic derangements with cardiovascular compromise, skeletal and smooth muscle abnormalities, recapitulating diverse muscle traits of myotonic dystrophy. These consequences of overproduction of wild-type (WT) hDMPK protein and/or mRNA were coupled to cytoarchitectural derangements and distortion of ionic homeostasis in heart, skeletal muscle and smooth muscle cells. Thus, the Tg26-hDMPK overexpressor murine line proves to be a valuable model in evaluating the effects of augmented doses of (CUG) n repeats in the DMPK mRNA pool and prolonged over-activity of protein products from the DMPK gene.
RESULTS

Transgenic overexpression of hDMPK reduces workload tolerance
From a series of transgenic mice that tandemly integrate copies of a 14 kb genomic Nhe I fragment, which spans the entire human DMPK (hDMPK ) gene and includes the full intergenic region up to the 3 0 end of the DMWD (Dmrn9 ) gene upstream of DMPK, hDMPK overexpressors were selected to carry multiple copies of the intact hDMPK gene with a normal size (CTG) 11 repeat (9; Fig. 1A ). The transgene contains most, if not all, regulatory elements that drive proper expression of DMPK gene products (9, 32) , and initial typing at young age (up to 8 -10 weeks old) revealed that mice with high copy numbers of hDMPK genes exhibit breeding difficulty and mild cardiac hypertrophy, independent of the transgene integration site. The severity of the presentation appeared transgene-copy number dependent (9) . To rule out intergenerational differences that could relate to epigenetic modification or instability of the transgene cluster possibly influencing phenotypic manifestation, animals with approximately 25 hDMPK copies, i.e. the Tg26-hDMPK line, were further maintained for over 20 generations. Northern (Fig. 1B) and western blot analyses (Fig. 1C) of the Tg26-hDMPK indicated significant overexpression of both DMPK mRNA and protein in cardiac and skeletal muscles, as well as in smooth muscle-containing organs. This is in accord with the natural predilection of DMPK for muscle tissues, and corresponds to tissue distribution of DMPK mRNA and protein in both human and mouse samples (8, 33) . Phosphoimage quantification of northern blots revealed DMPK mRNA levels 15.1-, 2.9-and 2.0-fold higher in Tg26-hDMPK compared with the endogenous DMPK mRNA in heart, skeletal muscle and smooth muscle of WT (FVB background) controls (Fig. 1B) . Accordingly, densitometric quantitation of western blot signals demonstrated a 7.5-, 2.0-and 5.2-fold higher DMPK protein expression in Tg26-hDMPK compared with intrinsic DMPK protein in WT heart, skeletal muscle and smooth muscle, respectively (Fig. 1C) . Furthermore, the isoform distribution in Tg26-hDMPK, with long DMPK variants predominant in heart and skeletal muscle and short variants predominant in smooth muscle, was in line with the established tissue distribution of alternative splice variants ( Fig. 1D; 7) . Thus, the selected Tg26-hDMPK line is a genuine model to probe the long-term cumulative effects of overproduction of hDMPK gene products in the three distinct muscle types in the body.
The integrative function of muscle systems is reflected by the tolerance to imposed exertion, an indicator of overall physical endurance (34) . Under exercise stress testing, 11 to 15-month-old Tg26-hDMPK mice performed at a significantly reduced level compared with age-matched WT controls ( Fig. 2A) . The tolerated workload, a parameter that incorporates time of effort with speed and incline of the treadmill regimen, was 3-fold lower in Tg26-hDMPK (n ¼ 10) High resolution western blotting of tissue-specific DMPK isoform expression profiles in TG heart, skeletal muscle and smooth muscle. Long human DMPK isoforms are mainly expressed in heart and skeletal muscle, whereas short isoforms predominate in smooth muscle. Figure 2 . hDMPK overexpression translates into exertional intolerance. (A and B) Exercise stress testing, with a graded treadmill protocol, revealed a significant performance disadvantage in Tg26-hDMPK (TG) compared with WT mice. Workload was defined as a sum of kinetic E k and potential E p energy of the treadmill-exercised mice, where m represents animal mass, v running velocity, g acceleration due to gravity, t elapsed time at a protocol level and u angle of incline. Time of drop-out (indicated by arrowheads in A) was defined by failure to sustain performance at a given workload level (plotted in B). Ã , P , 0.05. compared with WT (n ¼ 10), indicating impaired bodily response to physical challenge (P , 0.05; Fig. 2B ). Thus, overexpression of hDMPK produces an abnormal phenotype characterized by poor workload tolerance indicating compromised muscle systems.
Hypertrophic cardiomyopathic remodeling in the hDMPK overexpressor
Maladaptive structural remodeling indicates profound intolerance of heart muscle to stress (35) . While mild cardiac remodeling was observed in younger mice overexpressing hDMPK (9), M-mode echocardiography, performed here under light isoflurane anesthesia, captured significant ventricular hypertrophy in hearts from old (11 -15 months) Tg26-hDMPK mice that was not observed in age-matched WT controls (Fig. 3A ). On average (n ¼ 6 in each group), the calculated left ventricular (LV) mass was essentially doubled from 59 + 10 mg in WT to 100 + 14 mg in Tg26-hDMPK (P , 0.04; Fig. 3B ). Interventricular septal thickness (1.16 + 0.08 mm versus 0.75 + 0.06 mm; P , 0.0001) and posterior wall thickness (1.15 + 0.13 mm versus 0.68 + 0.04 mm; P , 0.001) were both significantly greater in Tg26-hDMPK than WT hearts (Fig. 3C) . Moreover, Masson's trichrome stain, used to differentiate collagen from cardiomyocytes, showed a marked increase in cardiac interstitial fibrosis in Tg26-hDMPK hearts ( Fig. 3D and E). On quantification (n ¼ 5 in each group), a 7-fold increase in fibrosis was detectable in Tg26-hDMPK compared with WT, i.e. 14 + 3% versus 2 + 1%, respectively (P , 0.002; Fig. 3D ), further highlighted at the ultrastructural level by electron microscopy (Fig. 3F) . Hence, hDMPK overexpression triggers structural myocardial maladaptation with age-accumulated stress. Pathologic hypertrophic remodeling is typically initiated by calcium mishandling that induces gene reprograming (36) .
Here, intracellular calcium overload ( Fig. 4A and B) and nuclear translocation of the prototypic calcium-dependent cardiac transcription factor NFAT3, the nuclear factor of activated T cells ( Fig. 4C and D) , an established effector of growth signaling (36, 37) , were both prominent in Tg26-hDMPK but absent from WT. Ultrastructural imaging, by field emission scanning electron microscopy, revealed in Tg26-hDMPK but not WT pronounced myocyte disarray ( Fig. 5A and B), with subcellular degenerative changes, including nuclear deformity, multiple vacuolization and mitochondria with abnormal cristae on transmission electron microscopy ( Fig. 5C-F) . Collectively, these abnormalities in cellular architecture are a pathological hallmark of cardiomyopathy.
Structural deficits were associated with electrical disturbances manifested as ventricular tachyarrhythmias captured on telemetry in the ambulatory Tg26-hDMPK, but absent from the WT ( Fig. 6A and B) . Under light sedation, numerous additional electrocardiographic (ECG) abnormalities including junctional rhythm and altered P-wave morphologies (Fig. 6C) were recorded with significantly greater frequency in Tg26-hDMPK compared with the electrically more stable WT (Fig. 6D) . Thus, overexpression of hDMPK produces features of hypertrophic maladaptive cardiomyopathy with dysrhythmia, recapitulating typical cardiac features in myotonic dystrophy (2, 38) . Myotonic myopathy in the hDMPK overexpressor Myotonia, another key feature of myotonic dystrophy, is characterized by hyperexcitability of skeletal muscle following voluntary contractions, percussion or mechanical stimulation with needle insertion, and has been associated with a deficit in sarcolemmal chloride channels (39 -41) . Disruption of normal skeletal muscle function was here indicated in vivo by sporadic yet dramatic transient episodes of walking difficulties observed in the ambulatory Tg26-hDMPK mouse (Fig. 7A) . On needle electromyography, under light anesthesia, needle insertion triggered prolonged myotonic discharges characterized by high frequency repetitive potentials, regularly recorded from distal limb muscles in Tg26-hDMPK mice with a prevalence of 83% (n ¼ 6), but seldom seen in WT (27%, n ¼ 11; Fig. 7B ). Compared with positive immunofluorescent staining of the sarcolemma from WT tibialis cranialis and gastrocnemius soleus, the Tg26-hDMPK showed a pronounced deficit in the sarcolemmal chloride ClC-1 channel ( Fig. 7C and D) , a voltage-dependent channel population responsible for the electrical stability of skeletal muscle (39) . Moreover, light microscopy of Gomori's trichromestained skeletal muscle sections revealed the presence of ragged fibers in Tg26-hDMPK, not observed in WT specimens (Fig. 8A ). Such torn fibers in the Tg26-hDMPK displayed abundant red staining that accounts for accumulation of mitochondria in the subsarcolemmal space and between myofibrils, a further marker of myopathy (39) . Compared with WT (n ¼ 3), the Tg26-hDMPK (n ¼ 4) demonstrated a .2-fold increase in the number of skeletal muscle fibers with central nuclei, i.e. 6.3 + 1.6 versus 2.6 + 0.4 (P ¼ 0.007; Fig. 8B and C), indicative of cytoskeleton malfunction and/or degeneration in dystrophic muscle. In addition, a broad spectrum of fiber sizes was detected in Tg26-hDMPK compared with a more uniform normal distribution in the WT. The observed fiber heterogeneity in the Tg26-hDMPK (n ¼ 4) translated into a 4-fold greater ratio of largest over smallest fiber size compared with WT (n ¼ 4), i.e. 14+4 versus 3+1 respectively (P ¼ 0.03; Fig. 8B and D) , indicating atrophy of type I with moderate hypertrophy of type II fibers (2). This was further apparent on ultrastructural analysis of the Tg26-hDMPK skeletal muscle which prominently demonstrated central nuclei, ringed fibers, hypotrophy with sarcomeric disorganization and sarcoplasmic masses, all distinctive signs of the myopathic state (2, 42) , in contrast to the regular sarcomeric structure of the WT with peripheral nuclei (Fig. 8E) . The ringed fibers of the Tg26-hDMPK, with the outer ring of myofibrils running perpendicularly to the rest of myofibrils in the same muscle fiber, regularly demonstrated abnormal nuclei with irregular nuclear membranes, as well as sarcoplasmic areas where normal myofibrillar organization was replaced by aggregation of tubules with numerous free ribosomes and scattered bundles of myofilaments, not observed in the WT (Fig. 8E and insets) . Thus, hDMPK overexpression alters the normal skeletal muscle phenotype.
Arterial tone deficit in the hDMPK overexpressor
Proper arterial smooth muscle tone is a principal determinant of systemic blood pressure. Here, automated blood pressure monitoring in awake mice revealed depressed systemic systolic and diastolic arterial pressure in the Tg26-hDMPK compared with WT ( Fig. 9A and B) , a vascular sign of myotonic dystrophy (2). On average, mean arterial pressure was 126 + 5 mmHg versus 109 + 5 mmHg in WT (n ¼ 10) and Tg26-hDMPK (n ¼ 10), respectively (P , 0.02; Fig. 9C ). This deficit in systemic pressure in the Tg26-hDMPK was confirmed by direct intra-arterial measurement under anesthesia (Fig. 9C inset) , and was recorded at similar heart rates with WT (Fig. 9D) . Thus, overexpression of hDMPK gene products disrupts not only cardiac and skeletal muscle homeostasis, but also smooth muscle function translating into compromised regulation of the systemic cardiovascular state. Human
DISCUSSION
This first phenotypic characterization of an older murine model engineered to overexpress the human DMPK gene demonstrates that persistent output of DMPK gene products, resulting in a continuous surplus of hDMPK transcripts with a (CUG) 11 repeat and hDMPK protein isoforms above the endogenous levels of DMPK mRNA and protein, causes severe cellular distress. Cumulated through development, growth and aging, the hDMPK overexpression-triggered distress produced an integral pathophysiological phenotype that recapitulated key systemic muscle features of myotonic dystrophy seen in DM1 patients. The age-related impact of stress accumulation, determined here in the 11-15 months old animal, revealed reduced workload tolerance associated with overt cardiomyopathic remodeling, myotonic myopathy and arterial tone deficit as most prominent features in this Tg26-hDMPK transgenic overexpressor line. As transgenecopy-number dependent and transgene-integration-site independent milder features of this phenotype develop earlier in the lifespan of related transgenic lineages (9), the present findings strongly suggest that the uncompensated compromise in the structure and function of muscle systems in the Tg26-hDMPK is elicited by excessive expression level, albeit typical distribution, of gene products from the hDMPK transgene. Taken together, these data underscore a vital role for proper DMPK expression in securing adequate muscle operation. Important in the interpretation of present findings is the notion that hDMPK gene products are generated in substantial amounts only in muscle tissues (33) . In line with the tissuespecific prevalence, Tg26-hDMPK demonstrated particular overexpression in all muscle types. Subcellularly, DMPK protein partitions in an isoform-dependent manner within the mitochondria and cytosol, as well as the endoplasmic reticulum, at least in some species (5, 33) . Localizations to gap junctions and intercalated disks in (heart) muscle tissue have also been reported (43) . Although the actual targets of DMPK-dependent phosphorylation remain largely unknown, DMPK has been implicated, on the basis of the identification of the myosin phosphatase regulatory subunit as its binding partner, in the modulation of the contraction -relaxation cycle and organelle motility by setting cytoskeletal dynamics (5, 20, 33, 44) . Moreover, DMPK has been involved in intracellular calcium and chloride handling (16) . Thus, the present demonstration of multisystemic and severe alterations in the aged Tg26-hDMPK underscores, at the whole organism level, the broad involvement of DMPK-mediated signaling in orchestrating muscle homeostasis. Senescence predisposes to progressive reduction in the adaptive capacity of the body, in particular of muscle systems, to diverse and metabolically demanding stress loads (45, 46) . In contrast to the young animal that displays a mild phenotype in response to abnormal expression of hDMPK gene products corresponding to an initial phase of disease (9) , the poor physical tolerance to imposed workload in the aged hDMPK overexpressor recapitulates the stress-intolerant behavior of established transgenic models of metabolic sensor deficiency (47, 48) , and implicates normal DMPK expression in optimal body performance.
In the heart, gross changes in the size of the myocardium with derangements in the architecture of cardiomyocytes are highly indicative of cardiac maladaptation with the magnitude of LV mass denoting the severity of structural alterations (35 -37) . Here, hypertrophic cardiomyopathy affecting the left ventricle in Tg26-hDMPK was further associated with prominent interstitial fibrosis that correlated with structural remodeling. With overexpression of DMPK, the highly organized sarcomeric ultrastructure of the cardiomyocyte was lost, and replaced by myofibrillar degeneration, distorted nuclei and disrupted mitochondrial cristae, all histopathological features typical of patients with DM1 (49) . As aberrant myocardial calcium handling is a principle modulator of intracellular hypertrophic signaling with intracellular calcium overload associated with poor outcome (50) , excessive accumulation of calcium in Tg26-hDMPK cardiomyocytes may provide a molecular basis underlying cardiac disturbances. NFAT, the calcium-activated master cardiac transcription factor implicated in pro-hypertrophic genetic cardiac reprograming (36) , was found here translocated into the nucleus of Tg26-hDMPK cardiomyocytes. Such cytosolic/ nuclear shuttling is a prerequisite for NFAT activity and the resulting hypertrophic phenotype (35 -37) . Furthermore, as in patients with DM1 (49) and in line with the reported role of DMPK in regulating cardiac electrical conduction (10), an increased incidence of abnormal electrophysiological activity was captured in Tg26-hDMPK. Thus, hearts overexpressing hDMPK display features of hypertrophic cardiomyopathy with predisposition for dysrhythmia seen regularly in patients with clinically confirmed DM1 (2), implicating thereby that proper regulation of DMPK expression is essential for the maintenance of cardiac structure and function.
A further sign of DM1 is the delayed relaxation of skeletal muscle following contraction or stiffness, known as myotonia, which is due to hyperexcitability of fibers leading to repetitive action potentials and involuntary after-contractions (51). Tg26-hDMPK episodically showed transient 'stiffness' with gait disturbance and frequent myotonic discharges. Though myotonia was prominent and present in almost all of the Tg26-hDMPK, a few WT also displayed discharges, in line with reports of false positive electromyographic findings in certain normal subjects (52) . Myotonic discharges in DM1 have been linked to loss of the muscle-specific chloride channel ClC-1 (18), and accordingly a major depletion of Figure 9 . Deficit in arterial smooth muscle tone leads to lower blood pressure in Tg26-hDMPK (TG). (A-C) Tail-cuff monitoring of systemic blood pressure in WT (A) and TG (B) mice reveals lower systolic, diastolic and mean blood pressures in awake TG compared with WT and confirmed under anesthesia (C inset), without significant difference in heart rate (D).
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ClC-1 protein in the sarcolemma of Tg26-hDMPK was observed. On differential diagnosis by histology, active degeneration or necrosis was ruled out in Tg26-hDMPK skeletal muscle. Rather, the intracellullar changes observed, including an increased number of centrally placed nuclei, are amongst the most common and typical findings in DM1 that often occur before other significant muscle signs can be recognized in the clinical setting (2). In addition, variation in fiber size, evident sarcoplasm masses and the presence of ringed fibers in Tg26-hDMPK are all considered highly specific markers of myotonic dystrophy, and are rarely seen in other muscle disorders (42) . Although not individually pathognomonic for myotonic dystrophy, the combined presentation of such multiple histological and ultrastructural changes in the present model of hDMPK overexpression fulfills all the established criteria for the skeletal muscle phenotype of myotonic dystrophy (2) . In line with the DMPK predilection for all muscle types (33), hDMPK overexpression in the smooth muscle translated into a compromised systemic arterial tone. Such deficit in smooth muscle function and the associated lowering of blood pressure recorded in Tg26-hDMPK is in accord with systemic hypotension recognized in patients with DM1 as a most typical and frequent cardiovascular manifestation of the disease state (53, 54) .
Despite similarities with the Tg26-hDMPK phenotype, in patients with DM1 it is expression of the only known natural-mutant form of the hDMPK gene, i.e. a gene with an expanded (CTG) n repeat insert in the last non-coding 15th exon, that causes the complex multisystemic and progressive pathology of the disease state (21 -24) . This is somewhat distinct from the Tg26-hDMPK mouse model presented here as the transgene used produces a normal hDMPK mRNA with a normal-sized (CUG) 11 repeat tract, encoding the full complement of alternatively spliced DMPK isoforms. Moreover, in patients with classical DM1 there is no evidence in support of overexpression of hDMPK at the protein level (6) . Instead, accumulating evidence supports a determining role for nuclear build-up of abnormal levels of expanded (CUG) n repeat containing RNA, with mechanistic features shared between various expansion disorders (30, 31) . Thus, at least in principle, the continuous presence of a too high copy number of hDMPK mRNA with a (CUG) 11 repeat in the Tg26-hDMPK could mimic the condition of DM1 patients with (sub)normal dose of hDMPK mRNAs with an expanded (CUG) n repeat, suggesting that the overall dose of the CUG-triplets present in repeats and not the number or length of individual repeat tracts precipitates the phenotype. In this regard, it has been shown that stress modulates the stability of CNG repeats (55) . In fact, transgenic overexpression of the hDMPK 3 0 -UTR with (CUG) 11 repeats interferes with normal myogenesis, indicating that overexpression of normal hDMPK mRNA (or parts thereof) per se is not neutral (27) . Alternatively, continuous overexpression of the hDMPK protein in Tg26-hDMPK may elicit an ensemble of cellular challenges equivalent to those occurring with abnormal RNA. Though the present study does not discriminate between these two possibilities, the normal (CUG) 11 length present in the Tg26-hDMPK is considered not to be amenable in readily forming base-paired hairpins or in driving excessive binding of RNA to proteins, in clear contrast to RNAs with extended repeat lengths of (CUG) which are prone to pathologic RNA folding as proposed for DM1 (29, 56, 57) . In fact, longer CNG hairpins form quickly and dissociate slowly compared with short repeats (58) . Conversely, overexpression of hDMPK per se has been shown to trigger pathogenic effects (59) , suggestive of a direct role for hDMPK protein-based stress in the pathobiology of Tg26-hDMPK.
In conclusion, accumulated distress derived with age from continuous overexpression of hDMPK precipitates maladaptation in muscle systems, generating pathologic hypertrophic cardiomyopathy with dysrhythmia, myotonic skeletal muscle myopathy and smooth muscle tone deficit with systemic hypotension. In this way, the exercise-intolerant Tg26-hDMPK model with approximately 25 copies of otherwise normal hDMPK recapitulates key traits of DM1 tested in muscle systems. Thus, the Tg26-hDMPK line is here established as a useful tool in evaluating the effects of cumulative molecular stress related to the overactivity of hDMPK protein isoforms in cells of all muscle types in the context of augmented doses of (CUG)-triplets in normal-sized repeats in hDMPK mRNAs. DMPK, thereby, plays a vital homeostatic role in support of the muscular wellbeing maintaining coordinated structure and function.
MATERIALS AND METHODS
Transgenic hDMPK overexpressor mouse line A 14 kb Nhe I genomic fragment containing all human DMPK (hDMPK ) exons, along with the last exon of the upstream DMWD gene, was incorporated into the mice germline by conventional transgenesis (9) . WT females were bred with transgenic males over more than 20 generations. Resultant heterozygous transgenic offsprings, named Tg26-hDMPK, were identified by tail-cut PCR and compared with age-matched 11 to 15-month-old WT littermates. Protocols were approved by the Mayo Foundation and Nijmegen Center for Molecular Life Sciences Institutional Animal Care and Use Committees.
Northern and western blot analysis
Northern blot analysis of RNA isolated from heart, skeletal and smooth muscles, as well as brain and liver, was performed in parallel from WT and Tg26-hDMPK specimens. Blots were hybridized with a DMPK probe, a mixture of mouse and human full length DMPK cDNAs. RNA loading was verified by ethidium bromide staining of 28S rRNA and hybridization with a GAPDH probe. For western blot analysis, whole tissue lysates were incubated with the B79 polyclonal anti-DMPK antibody (7) . As a control, specimens from a DMPK-null (DMPK 2/2 ) mouse (9) were compared.
Treadmill stress test
WT and Tg26-hDMPK mice were simultaneously exercised on a two-track treadmill (Columbus Instruments, Columbus,
OH) with a graded protocol of increasing incline or velocity at 3 min intervals (34, 48) . Tolerated workload (J ) was used as a parameter of performance, and defined by the sum of kinetic (E k ¼ mv 2 /2) andpotential (E p ¼ mgvt sin u) energy, where m represents animal mass, v running velocity, g acceleration due to gravity, t elapsed time at a protocol level and u angle of incline.
Echocardiography
Cardiac ultrasound was performed in lightly sedated (1% isoflurane) WT and Tg26-hDMPK mice, with a 15L8 transducer interfaced with a Sequoia 512 echocardiography platform (Siemens, Malvern, PA). M-mode images were digitally acquired and stored for off-line blinded analysis. Echocardiographic measurements of LV dimensions were recorded at end-diastole and end-systole from three consecutive cardiac cycles using the leading edge method (34) .
Histochemistry and laser confocal microscopy
WT and Tg26-hDMPK myocardium were fixed in 10% buffered formalin, and 0.5 mm-thick sections of paraffin-embedded cardiac muscle samples were stained with Masson's trichrome for microscopic evaluation of interstitial fibrosis. Alternatively, isolated cardiac cells (47) were either loaded with the calcium-fluorescent probe Fluo-3 for imaging of cytosolic calcium (48) or fixed (with 3% paraformaldehyde) for immunofluorescence of the cardiac transcription factor NFAT3 (Santa Cruz Biotechnology; 34). Concomitantly, 5 mm thick sections of flash-frozen skeletal muscle specimens were processed for histochemistry using hematoxylin/eosin or Gomori's trichrome (60) or 6 mm thick cryosections of tibialis cranialis and gastrocnemius soleus were immunoprobed with a polyclonal anti-ClC1 chloride channel antibody (Alomone Labs, Jerusalem, Israel). Histology was performed on an Axioplan 2 light microscope fitted with an Axiocam digital camera (Carl Zeiss MicroImaging, Thornwood, NY). Calcium imaging and immunofluorescence were acquired with a Zeiss LSM 510 confocal microscope. Digital images were analyzed with the Metamorph software (Visitron Universal Imaging, Downingtown, PA).
Transmitted and field-emission scanning electron microscopy WT and Tg26-hDMPK cardiac and skeletal muscle tissue or isolated cardiomyocytes were fixed in phosphate buffered saline (PBS) with 1% glutaraldehyde and 4% formaldehyde ( pH 7.2). For transmitted electron microscopy, samples were processed in phosphate-buffered 1% OsO 4 , stained with 2% uranyl acetate, dehydrated in ethanol and propylene oxide and embedded in epoxy resin. Thin (90 nm) sections were placed on copper grids, stained with lead citrate and micrographs were taken with a JEOL 1200 electron microscope (JEOL Ltd, Tokyo, Japan). For field-emission scanning electron microscopy, fixed cardiomyocytes were rinsed in PBS with 1% osmium, dehydrated with ethanol and dried in a critical Ted Pella point dryer (61) . On coating with platinum using an Ion Tech indirect argon ion voltage of 9.5 kV and 4.2 mA, samples were examined at accelerating voltage (1.0, 2.4, 3.5 and 5.0 kV) on a Hitachi 4700 scanning microscope (62) .
ECG and telemetry
Twelve-lead ECG recordings were obtained in 1% isofluraneanesthetized WT and Tg26-hDMPK mice. Electrodes were placed subcutaneously in all four distal limbs and in the precordial region in an Einthoven configuration (63, 64) . Signals from all configurations were acquired at 11.8 kHz (Instrutech, Long Island NY) and amplified by an ECG amplifier (Gould Electronics, Eastlake, OH). In ambulatory mice, continuous electrographic recordings were obtained from implanted telemetry devices (Data Sciences International, St. Paul, MN; 48). Transmitters were placed in the peritoneal cavity and leads were tunneled subcutaneously in a lead II configuration under isoflurane anesthesia. Electrocardiogram signals were acquired at 2 kHz, 2 weeks post-surgery.
Electromyography
Needle electromyography (Viking IV, Nicolet Biomedical, Madison, WI) was carried out on WT and Tg26-hDMPK mice, by the investigator blinded to mouse type, in order to assess the electrical activity of gastrocnemius, tibialis cranialis and wrist extensor muscles. All skeletal muscle were explored at rest under light sedation (isoflurane 1%) using a 30-gauge concentric needle electrode (Medtronic Functional Diagnostics A/S, Denmark). Potentials were digitally recorded and stored for off-line retrieval of waveforms.
Blood pressure recording
Following 1-week of acclimatization, blood pressure was measured by automated tail-cuff recording (Columbus Instruments) in awake restrained WT and Tg26-hDMPK mice. Systolic and diastolic values were derived from 10 sequential recordings. In addition, intra-arterial blood pressure measurements were obtained directly by a 1.4-Fr micropressure catheter (SPR-671, Millar Instruments) following carotid arterial cannulation under 1.5% isoflurane (1 l/min air) anesthesia.
Statistical analysis
Data are expressed as mean + SEM. Comparisons are by paired Student's t-test or analysis of variance. P , 0.05 was pre-determined. Analysis was performed using the JMP software (SAS Institute Inc., Cary, NC). 
